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ABSTRACT Whole-genome sequencing can be used to better understand and
assess the functional abilities of microorganisms isolated from spacecraft hardware
and associated surfaces for planetary protection (PP) purposes. We sequenced 191
isolates from 6 spaceflight missions with PP requirements and identified them using
Illumina-based sequencing methods and matrix-assisted laser desorption ionization–
time of flight (MALDI-TOF) mass spectrometry.

The microbial archive at the Jet Propulsion Laboratory (JPL) contains over 8,000 bac-
terial strains previously isolated from missions with planetary protection (PP)

requirements. The Genome Encyclopedia of Spacecraft Associated Microbes (GESAM)
project has set out to perform a high-throughput identification of bacterial isolates
spanning 6 past spaceflight missions from 1975 to 2012 (Viking, Mars Pathfinder, Mars
Odyssey, Mars Exploration Rover [MER], Phoenix, and Mars Science Laboratory [MSL]).
These PP-sensitive missions must minimize biological contamination on hardware
surfaces to preserve the scientific integrity of mission objectives. The NASA standard
assay was used throughout the mission timelines to assess hardware cleanliness. The
assay involved heat-shocking samples at 80°C for 15 min, plating them on Trypticase
soy agar (TSA), and incubating them for 72 h at 32°C (1). The resulting colonies were
subcultured and stored long term in the JPL microbial archive following previously estab-
lished procedures (1). In 2019, 1,418 stored isolates were revived from three replicate glyc-
erol stocks and incubated for 72 h on TSA at 32°C. Of those, 1,249 strains displayed
growth within 72 h and were inspected for colony morphology and visual purity across
multiple stocks.

These 1,249 pure strains were screened using matrix-assisted laser desorption ioni-
zation–time of flight mass spectrometry (MALDI-TOF MS) and 16S rRNA sequencing for
rapid, comprehensive identification filtering for the most abundant and potentially
novel isolates. MALDI-TOF MS is a rapid and systematic identification method that uses
the main spectrum profiles of isolates, composed of at least 10 spectra each. If MALDI-TOF
MS did not match the isolate to a custom in-house MALDI-TOF MS database (2) (with at
least 3 replicates with a log score of .2.2 for species level identification and .2.0 for ge-
nus level, for stringency and quality control), DNA was extracted, and the 16S rRNA gene
was sequenced. DNA extraction was performed using the Maxwell rapid sample concen-
trator (RSC) automated DNA extraction instrument and the Maxwell RSC blood DNA
extraction kit (Promega, USA). DNA was eluted in 10 mM Tris-HCl (pH 8.0) and quantified
using the Quant-iT double-stranded DNA (dsDNA) high-sensitivity (HS) kit and Qubit fluo-
rometer (Thermo Fisher, USA). The DNA was sent to MicrobesNG (UK) for library prepara-
tion and sequencing. 16S amplicon libraries were prepared using the Nextera XT library
prep kit (Illumina, USA) using the manufacturer’s protocol with the following modifications:
(i) the input DNA was increased 2-fold, and (ii) the PCR elongation time was increased to
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45 s. Library preparation and quantification of DNA were executed on a Microlab STAR
automated liquid handling system (Hamilton Bonaduz AG, Switzerland). The pooled libra-
ries were then quantified using the KAPA library quantification kit for Illumina (Kapa
Biosystems, USA). The libraries were sequenced using the Illumina HiSeq platform, with a
250-bp paired-end protocol. Adapters were trimmed from the raw reads using
Trimmomatic 0.30, with a sliding cutoff of Q15 (3). SPAdes 2.7 (4) was used to perform de
novo assembly of the samples, and the contigs were annotated using Prokka 1.11 (5). The
assembled sequences were queried against the SILVA LTP 16S rRNA gene type strain data-
base. Sequences with .98.7% sequence similarity to SILVA reference sequence were
assigned a species level taxonomic identification. This screening process down-selected
191 isolates, which were sent for whole-genome sequencing (WGS). All 191 isolates had
16S sequences with greater than 98.7% similarity to a SILVA reference sequence. For
whole-genome sequencing, DNA was also sent to MicrobesNG for library preparation and
sequencing. All library preparation, sequencing, read trimming, quality control, and assem-
bly were performed using the same procedures as described for 16S sequencing. The read
quality was assessed using in-house scripts in combination with the following software:
SAMtools (6), BEDTools (7), and BWA-MEM (8). The assembly quality was assessed using
QUAST (9), and CheckM (10) was used to assess the read quality. All 191 sequences were
.90% complete, with ,5% contamination. The Genome Taxonomy Database Toolkit
(GTDB-Tk) (11) was used to provide the final species level identification that was used for
isolate identification. No new genus or species designations were assigned to any of the
strains.

The assembled draft genomes were submitted for annotation using the NCBI Prokaryotic
Genome Annotation Pipeline (PGAP). The assembly statistics for all 191 strains are provided
in Table 1.

Data availability. The 16S rRNA sequences, whole-genome sequences, and
Sequence Read Archive (SRA) submission data were submitted to the National Center for
Biotechnology Information (NCBI) under the BioProject accession number PRJNA832800
and SRA accession number SRP387068. The draft genome sequences of all 191 isolates
have been deposited at NCBI under the accession numbers provided in Table 1.
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